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license (http://creativecommons.org/Summary Interference screw fixation is one of the most common methods for ligament
reconstruction. Although the advantages and clinical outcomes of this procedure have been
widely reported, post-surgical complications often arise. The purpose of this study was to eval-
uate a new femoral fixation device, the Endoscrew, for anterior cruciate ligament (ACL) recon-
struction. We performed a mechanical test in accordance with American Society for Testing
and Materials (ASTM) standards and an in vitro biomechanical study. An axial pullout test
was conducted to evaluate the mechanical properties of the new device and the interference
screw when implanted in solid rigid polyurethane foam test blocks. The biomechanical test
used porcine femora to evaluate the initial fixation strength between these two implants.
The maximum pullout force of the interference screw group [722.05  130.49 N (N)] was signif-
icantly greater (p < 0.01) than the Endoscrew group (440.79  26.54 N) when implanted in
polyurethane foam 320 kg/m3 density. With polyurethane foam 160 kg/m3 density, the
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Biomechanics of novel ACL reconstruction implants 83interference screw group and Endoscrew group, respectively. In the in vitro mechanical study,
the Endoscrew (646.39  72.38 N) required a significantly greater ultimate load prior to failure
(p < 0.05) when compared with the interference screw (489.72  138.64 N). With regard to
pullout stiffness, there was no statistically significant difference (p < 0.13) between the Endo-
screw group (99.15  12.16 N/mm) and the interference screw group (87.96  11.12 N/mm).
The cyclic stiffness was also not significantly different (p < 0.44) between the Endoscrew
group (93.09  16.07 N/mm) and the interference screw group (85.78  14.76 N/mm). The
axial pullout test showed that the strength of the Endoscrew was close to the fixation strength
required for daily activities, but it is inappropriate for use in osteoporotic patients. The in vitro
study showed that the Endoscrew has a superior initial mechanical fixation over the biodegrad-
able interference screw.
Copyrightª 2014, The Authors. Published by Elsevier (Singapore) Pte Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Figure 1 The Endoscrew and its corresponding instruments.Introduction
The importance of the anterior cruciate ligament (ACL) in
maintaining normal knee function and restraining knee
displacement is well documented [1]. An untreated ACL
tear can lead to instability of the knee, recurrent knee
slippage, patient discomfort, knee swelling and weakness,
or degenerative arthritis [2]. Often operative intervention
must be conducted and a reconstructed graft should be
secured with a fixation device. The initial mechanical
properties of an ACL reconstruction graft must be stiff
enough to restore the dynamic stability of the knee, strong
enough to avoid catastrophic failure, and secure enough to
resist slippage during the first 1e2 months after recon-
struction [3e6]. The early post-operative period relies on
the mechanical fixation, which must provide adequate fix-
ation strength during rehabilitation while the reconstructed
graft integrates with the native bone. Several studies have
demonstrated the importance of early post-operative
accelerated rehabilitation in returning normal knee func-
tion [7e11]. Any fixation devices with poor initial me-
chanical properties have warranted caution in the early
phase of ACL reconstruction and have the potential to
compromise the clinical outcome.
The interference screw is a direct tendon-to-bone
interference fixation device. It is a typical compression
fixation device, which relies on the screw threads to engage
and compress the graft for fixation. This device has been
widely used with multiple-looped hamstring tendon grafts
in cruciate ligament reconstruction. However, the use of
interference screws in ACL reconstruction may experience
several potential pitfalls such as bone tunnel enlargement,
screw mismatch, suture notching by the screw, and graft
loosening [12e14]. Furthermore, a previous study found
that the use of a metal interference screw led to a high
incidence of tendon ruptures caused by graft laceration
between the graftescrew interface [15]. Although the use
of biodegradable interference screws may exhibit a
reduced risk of graft laceration during screw insertion,
there is still a chance that the graft may be twisted or torn.
Although numerous complications and defects with
different ACL reconstruction devices have been frequently
reported, there are few studies that developed a novel
fixation device for overcoming these problems. In thisstudy, the mechanical properties of the new fixation de-
vice, Endoscrew, are contrasted with a biodegradable
interference screw while adhering to American Society for
Testing and Materials (ASTM) standards F543-07 and F2502-
05 [16,17]. The initial fixation properties of both devices
were also studied through an in vitro porcine model.
Materials and methods
For testing, the Endoscrew (9 mm  11 mm; Orthopaedic
Device Research Centre, National Yang-Ming University,
Taipei, Taiwan) was designated as Group A and the com-
mercial interference screw (BIORCI Screw, 8 mm  20 mm;
Smith & Nephew Inc., Andover, MA) as Group B.
The Endoscrew system contains a torsion grip, a linkage
rod, an Endoscrew, and a rotatable graft linkage (Fig. 1).
The Endoscrew is a retro-self-tapping screw with two
different threads; a curved side for self-tapping and a flat
side for bearing compression forces. The linkage rod can be
connected to the inner thread of the Endoscrew and can be
secured during the insertion. The rotatable graft linkage is
a small component at the end of the Endoscrew. It is a
linkage between the Endoscrew and the graft and can
rotate during the insertion process to prevent twisting of
the graft.
Figure 2 The recommended test fixture according to the American Society for Testing and Materials (ASTM) F543-07 standard.
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The test method complied with ASTM standards F543-07
and F2502-05 (Fig. 2) [16,17]. The rigid polyurethane foam
blocks (Sawbones, Pacific Research Laboratories, Inc., WA,
USA) were selected for biomechanical testing according to
Specification F1839 [18]. Two different densities of poly-
urethane foam, 160 kg/m3 density and 320 kg/m3 density,
were selected (Table 1). In total, 20 polyurethane blocks
were used in this study. Each study group, Group A and
Group B, were tested in five blocks of 160 kg/m3 density
and five blocks of 320 kg/m3 density. A computer-controlled
hydraulic material testing system (MTS 858 Mini Bionix II,
MTS, Eden Prairie, Minnesota, USA) was used in this study.
The screws were inserted into the polyurethane foams at
a rate of 3 rpm. The insertion depth was 60% of the
threaded length of the screw. For the Endoscrew, the total
threaded length was 8.3 mm with a diameter of 9 mm, and
the insertion depth was 4.98 mm. For the interference
screw, the total threaded length was 18 mm with a diam-
eter of 9 mm, and the insertion depth was 10.8 mm.
The load was transferred through the head of the screw
and was aligned with the screw’s longitudinal axis. A tensile
load was then applied to the test specimen at a rate of
5 mm/min until the screw failed or released from the test
block. Load (Newtons, N) versus fixture displacement
(millimetres) was recorded by the MTS data acquisition
device, noting the maximum load applied and the mode of
failure.Table 1 Material properties of rigid polyurethane foam block.
Density Compressive
Strength Modulus St
kg/m3 MPa MPa M
160a 2.2 58 2.
320a 8.4 210 5.
Data source from http://www.sawbones.com.
a Foam densities designate “graded” foams per ASTM standard specBiomechanical testing
Methods for biomechanical testing were adopted from the
study of Ahmad et al. [19]. Ten fresh hind limbs from adult
hybrid Landrace-Yorkshire-Duroc pigs (Yahsen Co., LTD,
Taoyuan, Taiwan) were used in his study. The femora were
harvested and dissected, removing all muscles, soft tissues,
and cruciate ligaments. Ten soft tissue grafts for the
reconstruction were harvested from the flexor digitorum
profundus tendons of the limbs. The grafts were folded and
trimmed to achieve two-stranded 9 mm diameter grafts
that were at least 100 mm in length (Fig. 3A). The free ends
of the folded graft were sutured together with No. 5 Ethi-
bond sutures (Ethibond; Ethicon Inc, Somerville, NJ) with a
whipstitch that promoted uniform load transfer to the limb
during testing. The graft was marked with a marker at
20 mm from the looped end (Fig. 3B). All the grafts were
wrapped in normal saline-soaked gauze prior to testing.
An experienced orthopaedist was assigned to perform
the ACL reconstruction in order to ensure consistency and
reduce variance in surgical skill. The two ACL fixation
techniques were randomly assigned to either the left or
right knee of each porcine model (Fig. 3C). The femoral
tunnel was progressively drilled from 6 mm to 9 mm at the
original insertion area of the ACL (Fig. 4A). A radiograph
(Fig. 4B) was taken from a randomly selected reconstruc-
tion and showed good contact between the bone and screw.
For the surgical technique using the Endoscrew, the
insertion started from the original ACL attachment,Tensile Shear
rength Modulus Strength Modulus
Pa MPa MPa MPa
1 86 1.6 19
6 284 4.3 49
ification F-1839-08.
Figure 3 (A) Prepared grafts that isolate variables of length and diameter. (B) The folded graft was marked with amarker at 20mm
from the looped end. (C) Endoscrew (left) and interference screw (right) anterior cruciate ligament (ACL) fixation techniques.
Biomechanics of novel ACL reconstruction implants 85followed the correct orientation, and inserted into the
lateral femoral condyle. The tendon graft was harvested
and prepared as detailed previously and linked to the
rotatable graft linkage on the end of the Endoscrew. A hole
was then drilled on both the tibial and femoral side based
on the size of the autograft. The Endoscrew was secured to
the linkage rod and then inserted into the bone tunnel in
the femoral condyle. Using the torsion grip, the Endoscrew
was screwed into position. Fig. 4B shows the Endoscrew
fully inserted in the lateral femoral condyle.
The interference screw was inserted according to the
manufacturer’s recommendations. The looped end of the
prepared graft was pulled into the femoral bone tunnel and
the interference screw was inserted with a guide wire.
The femur was mounted in a custom-designed clamp.
The orientation of the femoral tunnel was placed parallel
to the pull of the MTS to enable the displacement force
vector to be applied in direct alignment with the femoral
tunnel. The sutured end of the graft was mounted to a
custom-designed apparatus by inserting a 4-mm steel rod
through the sutured loop to replicate the pull of the tibial
ACL attachment site. A computer-controlled hydraulic
material testing system (MTS 858 Mini Bionix II; MMH) was
used in the biomechanical tests.
The clamp and the apparatus were securely mounted to
the MTS. Loads were measured and recorded by MTS soft-
ware at a rate of at least 50 Hz. A 0.1-Hz sinusoidal load
between 10 N and 50 N was applied to the graft for 10 cy-
cles. This preconditioning load ensured all specimens began
the test under similar stressestrain conditions, allowing the
different fixation devices to be compared [20]. A 1 Hz si-
nusoidal load between 50 N and 250 N was thenimmediately applied to the graft for 500 cycles. The loads
simulated forces on the ACL normally experienced during
passive extension of the knee [21]. The loading frequency
of 1 cycle per second (1 Hz) was chosen to simulate the
frequency of normal walking [22].
After the cyclic testing was completed, a load-to-failure
test was immediately conducted. The grafts were further
displaced at 20 mm/min until failure. The ultimate failure
load (N), pullout stiffness (N/mm), cyclic stiffness (N/mm,
the average magnitude in structural stiffness during the cy-
clic loading), and failure mode were determined and recor-
ded. Stiffness was determined as the slope of the linear
region of the loadeelongation curve. All tissues were kept
moist with normal saline solution during specimen prepara-
tion, fixation procedures, and biomechanical testing.
Statistical analysis
An independent two-tailed t test was used to determine the
significance of the results for the 320 and 160 kg/m3 density
polyurethane foams in the axial pullout test, and the ulti-
mate failure loads, pullout stiffness, and cyclic stiffness in
the animal study. Statistical analysis was performed using
SPSS Statistics version 17.0 (SPSS Inc, Chicago, IL, USA).
Results
Axial pullout test
The result of the axial pullout test is shown in Table 2.
Comparing the maximum pullout forces in polyurethane
Figure 4 (A) Endoscrew insertion and reconstruction. (B) The radiograph that was taken after the Endoscrew was inserted.
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(722.05  130.49 N) was significantly stronger (p < 0.01)
than the Endoscrew group (440.79  26.54 N). With poly-
urethane foam 160 kg/m3 density, the maximum pullout
force for the interference screw group (242.61  37.36 N)
was found to be significantly greater (p < 0.001) than the
Endoscrew group (99.33  30.01 N). The failure mode for
both screws in all cases was screw pullout from the poly-
urethane foam. The occlusion of screws and polyurethane
foam is shown in Fig. 5.Table 2 Maximum pullout force on different polyurethane
foam block for 2 fixation techniques.
Fixation technique Maximum pullout force (N )
320 kg/m3a
Polyurethane
foams
160 kg/m3a
Polyurethane
foams
Endoscrew
(n Z 5)
440.79  26.54 99.33  30.01
Interference
screw (n Z 5)
722.05  130.49 242.61  37.36
p value <0.01 <0.001
Values are means  standard deviation.
a Foam densities designate “graded” foams per ASTM standard
specification F-1839-08.Biomechanical testing
The result of the in vitro animal study is shown in Table 3.
Ten porcine femora were divided into two groups, five for
the Endoscrew and five for the interference screw. The
Endoscrew failed at a significantly higher load
(646.39  72.38 N; p < 0.05) than the interference screw
(489.72  138.64 N). With regard to pullout stiffness, there
was no statistically significant difference (p < 0.13) be-
tween the Endoscrew group (99.15  12.16 N/mm) and the
interference screw group (87.96  11.12 N/mm). The cyclic
stiffness was also not significantly different (p < 0.44) be-
tween the Endoscrew group (93.09  16.07 N/mm) and the
interference screw group (85.78  14.76 N/mm). The fail-
ure mode for the interference screws in all cases was graft
pullout past the screw. In the Endoscrew group, two spec-
imens were completely pulled out from the femoral tunnel
without causing damage to the Endoscrew implant; the
implant failures (due to graft linkage breakages) were
observed for the other three specimens.Discussion
A limitation of this study is that the tensile displacement
force vector was applied in direct alignment with the
femoral tunnel, but an in vivo ACL is loaded with an angular
tensile force. However, a load aligned with the femoral
Figure 5 (A) Occlusion of the Endoscrew and polyurethane foam 320 kg/m3 density. (B) Occlusion of the interference and
polyurethane foam 320 kg/m3 density. (C) Occlusion of the Endoscrew and polyurethane foam 160 kg/m3 density. (D) Occlusion of
the interference and polyurethane foam 160 kg/m3 density. (E) A flimsy layer was found on the surface of each 320 kg/m3 density
bone block in the Endoscrew group but (F) not in the interference group.
Table 3 Biomechanical testing results of in vitro biomechanical study for 2 fixation devices.
Fixation technique Ultimate failure load (N ) Pullout stiffness (N/mm) Cyclic stiffness (N/mm)
Endoscrew (n Z 5) 646.39  72.38 99.15  12.16 93.09  16.07
Interference screw (n Z 5) 489.72  138.64 87.96  11.12 85.78  14.76
p value <0.05 <0.13 <0.44
Values are means  standard deviation.
Biomechanics of novel ACL reconstruction implants 87tunnel can reduce the effect of friction at the tunnel edge
[19]. The limited number of the tested specimens in this
study should also be noted.
Although there are a lot of suitable fixation devices
currently available for ligament reconstruction, what con-
stitutes an ideal fixation device for ACL reconstruction re-
mains controversial. Four commonly-used fixation methods
are: suspension, such as button fixations; compression,
such as interference screws; looping fixation, such as
Transfix; and through-tendon fixation, such as Rigidfix. Each
type of fixation device shows its own advantages, but also
has insurmountable problems that can lead to clinical
complications. To solve these problems and defects, we
developed a new femoral fixation device named Endoscrew.
The Endobutton linked with different lengths of poly-
ester tape has been reported showing graftetunnel motionfrom 0.7  0.2 mm to 3.3  0.2 mm under cyclic loading
tests [23]. The author also recommended a shorter distance
between the tendon tissue and the button to minimize the
amount of graftetunnel motion. The ability of the Endo-
screw to provide a graft fixation at the original anatomical
insertion area is expected to solve this problem. In addi-
tion, previous studies have shown that an ACL graft posi-
tioned at the anatomic origin and insertion of the original
ACL will increase knee stability and graft isometry [24,25].
Several potential pitfalls with the interference screw
fixation, such as bone tunnel collapse, screw mismatch,
suture notching by the screw, and graft laceration, were
reported in previous studies [12e14]. The metallic inter-
ference screw has led to a high incidence of tendon rup-
tures caused by graft laceration at the graftescrew
interface [15]. The rotatable linkage between the
88 C.-C. Hung et al.Endoscrew and the graft is expected to prevent the graft
from being torn or twisted because, unlike the interference
screw, which directly compresses a graft within a bone
tunnel, the Endoscrew secures the graft at the end of the
screw and there is no direct contact with the screw
threads. A drawback of the biodegradable interference
screw is that the ACL tunnel often becomes filled with
fibrous tissue after the screw degrades [26,27]. The screw is
not always replaced by bone and these fibrous tissues may
not have sufficient strength to fix the ACL during the early
postoperative accelerated rehabilitation.
Simonian et al. [28] used polyurethane foam, whose
density (190 kg/m3) is similar to the 160 kg/m3 density
group in our study, with semitendinosus and gracilis ten-
dons as a model for pullout testing. In this study, the
interference screw fixation showed similar maximum pull-
out forces to our study (242.61  37.36 N) with screws
placed in an eccentric (265.3  47.7 N) and central
(244.7  60.5 N) position. Comparing maximum pullout
forces, the Endoscrew (99.33  30.01 N) was significantly
weaker than the interference screw. Due to our experi-
mental results, the Endoscrew may possibly not be appro-
priate for bone with inferior bone mineral density (BMD;
i.e., a patient with osteoporosis) because the fixation
strength between the implant and bone would be insuffi-
cient; Patel et al. [29] proved that 0.16 g/cm3 polyurethane
foam is suitable as an osteoporotic cancellous bone model
when fracture stress is of concern. The inadequate fixation
of the Endoscrew in osteoporotic bone can be attributed to
the thread design. The Endoscrew is a self-tapping screw
where the thread of the screw is very sharp and dense.
During insertion, the thread may mill the polyurethane
foam or the osteoporotic bone instead of forming a tapped
hole. This may damage the structure of cancellous bone
and decrease the pullout strength.
Comparing the maximum pullout forces in polyurethane
foam 320 kg/m3 density (as a normal cancellous bone
model), the interference screw group (722.05  130.49 N)
was significantly stronger than the Endoscrew group
(440.79  26.54 N). The Endoscrew showed strength close
to the 454 N fixation strength required for daily activities
[30]. Note that the surgical instructions of the Endoscrew
recommend that the fixation point should be in part at the
cortical bone instead of fully fixed at a cancellous bone as
the pullout test of this study. In addition, a flimsy surface
layer was found on the surface of each 320 kg/m3 density
bone block in the Endoscrew group. This layer was
unavoidably peeled by the sharp Endoscrew and was
separated from the thread, providing no fixation strength
for the screw (Fig. 5E and F). Thus, the pullout force of the
Endoscrew group was decreased.
There are no available studies that used 320 kg/m3
density or similar density polyurethane foam for testing
interference screws. Weiler et al. [15], using the same
thread diameter to our study, reported that the maximum
pullout force of interference screws is 507  93 N, without
attaching a bone plug to the graft. Similarly, Hoffmann
et al. [31], also with the same thread diameter to our study,
reported the maximum pullout force around 437 N. The
reason that the results of our study are obviously higher
than those results in animal studies is because we fixed the
interference screw directly into the polyurethane foamwithout any graft in the tunnel, as recommended by ASTM
standards. This study only provides the mechanical fixation
properties of the screw, instead of replicating the true
surgical conditions. In summary, the interference screw
provides a mechanically superior strength to the Endoscrew
in both 10 and 20 density sawbone if it is fixed without
grafts. Further animal studies should be conducted to
simulate the practical surgical conditions.
An ideal fixation for ACL reconstruction requires suffi-
cient initial strength, sufficient stiffness, anatomical
insertion, and sufficient resistance against slippage [3e6].
The early postoperative period relies on mechanical fixa-
tion, which must provide adequate fixation strength during
rehabilitation whereas the reconstructed graft biologically
integrates with the native bone. Several studies have
demonstrated the importance of early post-operative
accelerated rehabilitation in returning normal function-
ality to the knee [7e11].
In this study, we focused on the initial fixation properties
of the Endoscrew and biodegradable interference screw. An
optimal fixation device to compare with the Endoscrew is
unavailable because the Endoscrew is a novel device with a
unique fixation mechanism. For analysing the initial fixation
strength of different fixation devices for ACL reconstruc-
tion, the biodegradable interference screw is a suitable
medium. Several variables inherent with the testing
method are controlled to reduce factors that may influence
the initial fixation properties. The load was directed in line
with the femoral tunnel, which reduced the effect of fric-
tion at the tunnel edge, thus only the fixation properties of
the device were measured [19]. Cyclic loading was chosen
to simulate passive extension of the knee where the graft
construct is subjected to repetitive loading during a time
period in which biologic integration has not yet occurred.
Immediately after the cyclic loading, the ultimate failure
load was determined to evaluate catastrophic failure
strength characteristics. The unique linkage method of the
Endoscrew provides the reconstructed graft with circum-
ferential healing.
The Endoscrew (646.39  72.38 N) sustained a signifi-
cantly greater ultimate load to failure (p < 0.05) than the
interference screw (489.72  138.64 N). Also, the initial
fixation strength of the Endoscrew was higher than the
454 N strength required for daily activities [30]. This in-
dicates that the Endoscrew should be able to sustain re-
petitive loading within this magnitude during the early
postoperative rehabilitation period. The interference screw
in our study showed a similar ultimate failure load to other
studies. Weiler et al. [15], using the same thread diameter
to our study, reported that the ultimate failure load of
interference screws is 507  93 N, without attaching a bone
plug to the graft. Similarly, Hoffmann et al. [31], also with
the same thread diameter to our study, reported the ulti-
mate failure load around 437 N. These similar results
demonstrate that our testing environment is reliable and
further enhance the reliability of the Endoscrew in its su-
perior strength. Although the strength of the Endoscrew
was greater than that of the interference screw, other
fixation devices have been reported with even greater fix-
ation strength. Kousa et al. [4] studied six different fixation
devices with human semitendinosus-gracilis tendon grafts
fixed in porcine femora. Four of the six devices were
Biomechanics of novel ACL reconstruction implants 89stronger than the Endoscrew: Bone Mulch Screw (1112 N);
Endobutton (1086 N); RigidFix (868 N); and SmartScrew ACL
(794 N).
The Endoscrew is expected to have less micro motion
and slippage than the interference screw between the
screw and the graft referring to its better performances
both in fixation strength and structural stiffness. However,
the stiffness represents the ability to restore dynamic sta-
bility to the knee. The graft itself is the key component for
stiffness under this condition. This study showed no sta-
tistical differences between the stiffness of the Endoscrew
and interference screw in either cyclic or pullout testing.
In conclusion, the axial pullout test showed that the
strength of the Endoscrew was close to the fixation strength
required for daily activities, but it is inappropriate for use
in osteoporotic patients. Through an in vitro biomechanical
study, we concluded that the Endoscrew has a superior
initial fixation strength when compared with the biode-
gradable interference screw.Conflicts of interest
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